The aim of the present work was to characterize the odontoblastic proliferation, differentiation and matrix mineralization in culture of the recently established M2H4 rat cell line. Proliferation was assessed by cell counts, differentiation by RT-PCR analysis and mineralization by alizarin red staining, atomic absorption spectrometry and FTIR micro-spectroscopy. The results showed that M2H4 cell behavior closely mimics in vivo odontoblast differentiation, with in particular, temporally regulated expression of DMP-1 and DSPP. Moreover, the mineral phase formed by M2H4 cells was similar to that in dentin from rat incisors. Finally, since it was reported that in mice, TGF-β1 overexpression in vivo leads to an hypomineralization similar to that observed in dentinogenesis imperfecta type II, effects of TGF-β1 on mineralization in M2H4 cell culture were studied. Treatment with TGF-β1 dramatically reduced mineralization whereas positive control treatment with BMP-4 enhanced it, suggesting that M2H4 cell line is a promising tool to explore the mineralization mechanisms in physio-pathologic conditions.
INTRODUCTION
Dentin is a mineralized tissue whose composition and mode of formation are relatively similar to those of bone. The dentin extracellular matrix (ECM) is composed of approximately 47 % (v/v) mineral, 30 % (v/v) protein and 21 % (v/v) water (1) . In dentin and bone, type I collagen (COLL-1) accounts for about 90% of the protein fraction and most of the dentin non-collagenous proteins (NCP) are also expressed in bone. However, some NCP appear to be more specifically expressed in dentin even though they are also found, albeit weaker, in other tissues. For instance, odontoblasts express dentin matrix protein-1 (DMP-1) and dentin sialophosphoprotein (DSPP), the latter giving rise to dentin sialoprotein (DSP) and dentin phosphoprotein (DPP) after proteolytic cleavage (2) (3) (4) . If the function of DSP remains poorly understood, it seems likely that DPP is involved in matrix mineralization. It is secreted from the odontoblast process directly at the mineralization front (5) and has a high affinity for calcium ions (6) and hydroxyapatite crystals (7) . In addition, DPP may bind collagen fibrils by covalent (8, 9) or electrostatic bonds (10) to regulate either or both mineralization (11, 12) and fibrillogenesis (13, 14) .
Defective expression of DPP is suspected to be the cause of dentinogenesis imperfecta type II (DI-II) (15) . Interestingly, DI-II is characterized by a decreased mineral density (16) , defects in collagen/crystal association (17, 18) and increased collagen fibril diameter and orientation (17) . Several studies have investigated the possible role of DPP on in vitro models of crystal formation and collagen fibrillogenesis (9, (11) (12) (13) 19, 20) . However, since these models can hardly reproduce the process of cell-mediated dentin mineralization, in vitro models of mineralizing odontoblasts appear important.
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Today, if some cell lines were reported to express DSPP and mineralize their ECM (21, 22) , there has been no detailed analysis of the mineral phase formed in culture and there is still great uncertainty whether the mineralization is similar to the in vivo crystal formation. In this context, the aim of the present study was to further characterize the recently developed M2H4 rat cell line to propose a new tool to decipher the implication of DSPP in physiological and pathological dentinogenesis. The M2H4 cell line was developed from the RPC-C2A pulp cell line (23) . Whereas the parent RPC-C2A cell line does not express DPP (24) nor mineralizes the ECM (23), M2H4 cells were selected by their ability to form crystals in culture, and they were found to express DSPP transcripts (23) . This cell line could thus be a useful tool to study odontoblast differentiation and dentin ECM mineralization in vitro. However, little or no information is available concerning M2H4 proliferation, differentiation pattern, and the nature of the mineral phase formed in culture. In this context, we aimed at investigating in more details the behavior of this cell line. Moreover, since TGF-β1 over-expression in mouse dentin in vivo was shown to induce dental disorders similar to those found in DI-II (25), we investigated ECM mineralization in response to TGF-β1, as compared to mineralization in response to an "osteogenic" factor of the TGF-β family, bone morphogenetic protein-4 (BMP-4). This work is the first step of an effort to provide new insights into the molecular events implicated in dentinogenesis both in physiological and pathological conditions. Rat incisors were extracted from three week-old Wistar females. All teeth were fixed in 10% formaldehyde (pH 7.4). Before investigation by Fourier transform infrared microspectroscopy (FTIR-M), teeth were dehydrated through increasing ethanol gradients and embedded in glycolmethylmethacrylate (GMA), as described elsewhere (26) .
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Cell and culture conditions
As previously described (23), M2H4 cells were routinely grown in a maintenance medium consisting in MEM containing 10% FCS, 1% antibiotics and 1% glutamine.
Cells were subcultured once a week using trypsin/EDTA, and maintained at 37°C in a humidified atmosphere of 5% CO 2 in air. To induce odontoblast differentiation, MEM was switched to α-MEM. To induce ECM mineralization, 3 mM inorganic phosphate (Pi) were added to the culture medium on day 8. Pi was added as a mixture of NaH 2 PO 4 and Na 2 HPO 4 (pH 7.3). Cells were treated with 10 ng/ml TGF-β1, 100 ng/ml BMP-4, or vehicles from day 6 to day 21 and medium was replaced every two days. to GAPDH (glyceraldehyde phosphate dehydrogenase) levels was realized by densitometry (Leica Q500, Cambridge, UK).
RNA isolation

Fourier transform infrared micro-spectroscopy
Sections (2 µm-thick) of GMA-embedded rat teeth were obtained with a Supercut 2050 microtome (Reichert-Jung, Heidelberg, Germany). 
Analytical methods
To obtain data on M2H4 cell proliferation, cells were plated in 6 multiwell plates at a density of 10,000 cells/cm 2 and cell number was measured by counting trypan blue Protein content (mg) was determined with the Pierce Coomassie Plus assay reagent (Pierce, Rockford, IL). Each experiment was repeated at least once with similar results.
Results are expressed as mean ± SEM of triplicate determinations. Comparative studies of means were performed using one way analysis of variance followed by a post-hoc test (Fisher's projected least significant difference) with a statistical significance at p<0.05.
RESULTS
In order to complete the characterization of M2H4 cell behavior, we investigated firstly cell proliferation in culture conditions developed by Ritchie et al. (23) . Cell counting after Trypan Blue staining indicated that M2H4 cell proliferation may be maximal between days 7 and 14 and may slow thereafter (Fig.1) .
Then we investigated expression of odontoblastic markers at the mRNA level by RT-PCR between days 7 and 20 ( Fig. 2) . We studied in particular the expression of type I collagen, which in dentin accounts for approximately 90% of the total protein fraction, and alkaline phosphatase (ALP), which by generating Pi from phosphorylated compounds is supposed to play an important role during the first steps of mineralization.
In addition, we explored the expression pattern at the mRNA level of two major dentin NCP, DSPP and DMP-1, whose temporally regulated expression is a distinctive characteristic of odontoblasts. Densitometric analysis of bands in agarose gels revealed that M2H4 expression of COLL-1 and ALP was nearly constant from day 7 to day 20, whereas expression of DMP-1 and DSPP appeared to be regulated during differentiation.
DMP-1 appeared as an early marker of M2H4 differentiation because its expression
increased until day 11 and was relatively constant thereafter. Conversely, DSPP was rather a late differentiation marker, being weakly expressed until day 11 and increasing between day 11 and day 20.
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In the present study, we aimed at determining whether the M2H4 cell line is suitable for the study of ECM mineralization. Therefore, we investigated quantitatively and qualitatively the mineralization in M2H4 culture. As illustrated by alizarin red staining at day 28 (Fig.3A) , M2H4 cells cultured in medium supplemented from day 8 with 3 mM Pi accumulate calcium in cell layers whereas cells grown without Pi supplementation appear much less stained. Quantification of calcium content in cell layers was then performed by atomic absorption spectrometry. In control conditions (1 mM Pi), M2H4 cells failed to mineralize the ECM until 20 days culture. In contrast, when the culture medium was supplemented with 3 mM Pi on day 8, mineralization was induced from day 11, and increased dramatically until day 20 (Fig. 3B ).
Crystal composition and organization were then investigated by FTIR microspectroscopy on cell layers cultured for 21 days and were compared with those in mature regions of dentin sections from three week old rats. Firstly, spectra suggest that the mineral/protein ratio was weaker in cell layers after 21 days culture than in mature rat dentin, because the protein Amide I band appeared much weaker with respect to ν 1 ν 3 PO 4 domain in spectra of rat dentin (Fig. 3C) . Deconvolution of the ν 1 ν 3 PO 4 domain revealed that crystals in culture consisted in a carbonated apatite similar to that in rat dentin slices (Fig. 3D) . However, the high intensities in the culture spectrum of the bands at 1020, 1110 and 1125 cm -1 indicated that crystals in culture were less crystallized than those in fully mineralized rat dentin. The weaker mineral/protein ratio and crystallinity suggest that ECM matrix was not fully mineralized on day 21.
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Finally, because it has been reported that TGF-β1 overexpression in vivo induces dentin disorders similar to those observed in DI-II (25), we investigated the effects of TGF-β1
on mineralization in M2H4 cell culture (Fig. 4A) . As a positive control, we studied the effects of BMP-4 ( Fig. 4B) , which is an "osteogenic" member of the TGF-β superfamily. TGF-β1 and BMP-4 were added to the culture medium just before the onset of mineralization and calcium deposition was quantified after 10 days treatment. The results showed that whereas calcium deposition was significantly stimulated by BMP-4, it was dramatically inhibited by TGF-β1. The content of the inorganic phase remaining after TGF-β1 treatment was even so reduced that it could not be analyzed by FTIR microspectroscopy. COLL-1 and ALP were expressed early in the M2H4 differentiation and their expression remained relatively constant during M2H4 maturation (38). The constant expression of ALP agrees with ALP activity, which was also nearly constant during the same period (data not shown). It has been shown that ALP expression may decrease when the mineralization process is initiated (27) . In the present study, we have investigated ALP expression until day 20, it is therefore possible that ALP levels may decrease later when mineralization is more advanced. DMP-1 expression increased before the beginning of HAL author manuscript inserm-00175147, version 1 mineralization and was relatively constant thereafter (22, 35) . In contrast, the increase in DSPP expression seemed to occur after the M2H4 proliferation phase and coincided more or less with the time course of mineralization. This temporal expression pattern is consistent with odontoblast differentiation during in vivo dentinogenesis (35, 38) . Finally, it was shown that over-expression of DMP-1 in RPC-C2A cells induced the expression of DSPP (39) . Since in our study, DMP-1 expression was up-regulated before the increase in DSPP expression, it is not totally unconceivable that DSPP expression in RPC-C2A-derived M2H4 cells is also under the control of DMP-1.
Whereas in recent studies reporting the development of other odontoblast cell lines, the mineral phase formed in culture was not qualitatively analyzed, the inorganic phase deposited by M2H4 cells was studied by FTIR-M, and compared with crystals from rat dentin. Indeed, because one of the main functions of odontoblasts is to mineralize the ECM, a convenient odontoblast cell line must form crystals identical to those formed in vivo. In the previous report of the M2H4 cell line, it was shown that crystals were deposited in association with the extracellular matrix (23), but it remained to be determined whether crystal composition was similar to that in vivo. Our results revealed that crystals formed in vivo and in vitro after 21 days culture consist similarly in a nonstoichiometric apatite. The mineral/protein ratio was however inferior in cell layers as compared with mature rat dentin, suggesting that the ECM was not fully mineralized after 21 days. This was confirmed by the lower crystallinity of the inorganic phase formed in vitro, which likely resulted from a weaker maturation time (26) . Therefore, it seems HAL author manuscript inserm-00175147, version 1 reasonable to assume that crystals deposited after 21 days in culture may be similar to the immature ones located near the mineralization front in dentin in vivo (40) .
In addition, we questioned whether mineralization in M2H4 culture could be modulated by factors known to regulate either or both DSPP expression and ECM mineralization. It has been shown recently that in vivo TGF-β1 over-expression by mouse odontoblasts resulted in inhibition of DSPP expression, decreased mineralization and development of dental disorders similar to those occurring during DI-II (25) . In vitro, TGF-β1 was shown to down-regulate DSPP expression in the murine MO6-G3 cell line (41) . Conversely, BMP-4, another member of the TGF-β super-family expressed during tooth development (42) , may stimulate odontoblast differentiation (43) . In M2H4 culture, mineralization in cell layers was dramatically reduced after treatment with TGF-β1 from day 6 to day 21, suggesting that M2H4 cells express TGF-β1 receptors. In contrast, the positive control treatment with BMP-4 significantly increased mineralization, consistently with an "osteogenic" effect of this TGF-β super-family member (44) . These in vitro results agree with the report indicating that TGF-β1 may decrease mineralization in vivo (25) .
However, the dramatic inhibition of mineralization after TGF-β1 treatment prevented precise analysis of crystal composition. Today, new strategies to regulate specifically DSPP expression by M2H4 cells, based on DSPP antisense and over-expression, is under intense investigation to provide us with further insights into the role of DSPP in the physio-pathology of dentinogenesis.
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In conclusion, the M2H4 model, which reproduces in vitro the in vivo odontoblast differentiation and dentin ECM mineralization appears as a promising tool. By modulating specifically DSPP expression, this model may provide us with new information on the mineralization process in physiologic and pathologic conditions. days culture (upper spectrum) and of a mature dentin region from a three week-old rat (lower spectrum). *p<0.05 compared with control without Pi supplementation. Cells were treated on day 6 with 10 ng/ml TGF-β, 100 ng/ml BMP-4 or vehicles. On day 21, calcium deposition and protein content in cell layers were determined respectively by atomic absorption spectrometry and spectrometry after Coomassie blue staining, as detailed in the "materials and methods" section. *p<0.05 compared with control conditions (treatment with respective vehicle).
